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Abstract
The pp! pp and pp! pK+ reactions near threshold are dom-
inated by the rst and second S11 resonance respectively. It is shown
that a one-pion-exchange model exciting these isobars reproduces well
the ratio of the production cross sections. The consequences for this
and other channels are discussed.
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The production of  mesons near threshold has been subjected to intense
experimental eort in the last few years for both nucleon-nucleon [1, 2, 3]
and nucleon-nucleus collisions [4]. The low energy -nucleon interaction is
very strong because of the presence of the rst S11 resonance, the N
(1535),
which has a large branching ratio into N and whose width overlaps this
threshold.
The measurements [1] of the ‘elementary’ pp ! pp reaction, shown in
g. 1, exhibit an energy dependence which is dominated by the proton-proton
nal state interaction (FSI) weighted by the three-body phase space. This
is easily understood in terms of the one-meson-exchange model illustrated in
g. 2 [5]. The high momentum transfers necessary for the production of such
a large mass means that the S-wave amplitude depends primarily on the pp
wave function at very short distances, with only a weak dependence arising
from the incident beam energy. It has to be borne in mind that an excitation
energy Q of say 20 MeV is very small compared to the N(1535) width of
150 MeV. The strengths of the dierent meson exchanges then merely x the
normalisation of the cross section and there is here considerable controversy
on the importance of the ,  and  terms [5]. Their relative size influences
signicantly the ratio of  production in pp! pp and pn! pn collisions,
the latter being more copious by about a factor of six [3, 6].
The rst measurement of K+ production via the analogous pp! pK+
reaction close to threshold (Q = 2 MeV) has just been reported [7]. It
is important to note that the threshold K+ system is dominated by the
second S11 resonance, the N
(1650). This means that forms of the production
operators and all the spin-angular momentum algebra are identical in the
two cases; the observation of an  or a K merely tags which of the two S11
resonances has been excited. It is therefore worthwhile asking if the same
type of meson exchange model is capable of explaining simultaneously the
near-threshold  and K production data.
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The form of the production operator corresponding to the pion-exchange
contribution to the pp! pp amplitude shown in g. 2 is discussed in detail
in ref.[5] but at high momentum transfers it reduces eectively to a -function
in the inter-baryon separation vector ~r [8],
t = f0p!p (~r) ; (1)
where f0p!p is the -production amplitude in the pion-nucleon channel.
The value of  is influenced by the coupling constant, form factors, distortion
etc.
We have previously shown [8, 9] that the S-wave proton-proton wave
function at short distances has an energy dependence of the form
j k(0)j
2 
1
k2 + 2
; (2)
where ~k is the proton momentum and  the wave number of the virtual bound
state in the pp system. Taking the parameters of the Paris wave function
[10], given in table 1, and neglecting the energy dependence resulting from the
pion-nucleon amplitude, this form gives an excellent description of the energy
dependence of near-threshold pion production in pp ! pp0; the shape is
indistinguishable from the predictions of more microscopic calculations.
In order to compare  and K+ production quantitatively, we need not
only the energy dependence of the zero-range baryon-baryon wave function
but also its normalisation. Due to their simplicity, we parametrise the S-
wave pp and p systems using Bargmann potentials [11]. In terms of  and
a shape parameter , the scattering length and eective range are given by
a =
 + 

; r =
2
 + 
 (3)
There is much uncertainty in the values of the low energy spin-singlet and
spin-triplet p parameters but, taking the theoretical and experimental es-
timates given respectively in refs.[12] and [13] as representative, we nd the
values of  and  quoted in table 1.
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The non-relativistic three-body phase space weighted with the FSI energy
dependence of eq.(2) can be easily integrated to yield cross sections
(pp! pK+) = C Q2(1
2
Zs(Q) + Zt(Q))jf0p!Kj
2 ; (4)
(pp! pp) = C Q2 Z(Q) jf0p!pj
2 ; (5)
where C is the same constant for both  and K production, and separate
contributions of the dierent p spin states have been summed.
The nal state interactions are represented by the functions Z(Q), whose
generic expression is
Z(Q) =
2
2
4
(1 +
q
1 +Q=)2
; (6)
where  = 2=2, with  being the reduced mass in the pp and p systems.
The experimental values of the pion-induced  and K production am-
plitudes at threshold can be deduced from −p data and are found to be
jf0p!pj
2 = (380 50) b/sr [14] and jf0p!K+j
2 = (25 5) b/sr [15].
The prediction of eq.(5) for pp! pp, shown in g. 1, describes most of
the observed energy dependence of the cross section. The deviation of about
a factor of 1:6 from the curve at high Q could be the result of nal state
interactions of the  with a proton but this is a small eect compared to the
factor of 30 variation with energy shown in the gure. The overall theoretical
normalisation is uncertain by at least a factor of two due to the eects of
 exchange, form factors etc., but the values are not too dissimilar to those
shown in g. 1 [5]. Choosing rather to x the scale by letting the curve pass
through the lower points of the  data, eq.(4) then predicts absolute cross
sections for the pp ! pK+ reaction. It is very reassuring that the curves
corresponding to dierent values of the p singlet scattering length [12, 13]
pass through the error bars of the one measured point [7]. The curves do
however diverge further at higher Q.
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It would easily be possible to include the nite-range eects in the produc-
tion operators, but these lead to comparatively small changes in cross section
predictions [8]. In view of the uncertainties of the  couplings to the two S11
isobars and the poorly determined p S-wave parameters, it is unrealistic
at present to go much further than the simplistic zero-range approximation
given here. However we have at the very least shown that it is dangerous
to model the pp ! pp and pp ! pK+ reactions independently. A more
rened treatment would also have examine the eects of K+-exchange di-
agrams on pK+ production, though these are likely to be weak since no
exotic S = +1 resonances are known.
The approach will be tested further when new data become available at
various energies in the range 1  Q  5 MeV [7]. However, from the experi-
ence gained from exciting the rst S11 resonance through  production, the
production rates with a neutron target giving pn! pK0=nK+ are likely
to be larger by a factor of 5{10 compared to those in pp collisions. It is there-
fore an experimental challenge to nd ways of measuring them. The COSY
pp! pK+ experiment could herald in a generation of near-threshold K+
production experiments on light nuclei which will be sensitive to the S-wave
-nucleus interaction.
We are very grateful to J.T. Balewski and W. Oelert for valuable discus-
sions regarding their experiment reported in ref.[7], and also for support from
the IKP-KFA Ju¨lich where the work was initiated. This collaboration has
been made possible by the continued 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Academy of Science and one of the authors (CW) would like to thank them
and the The Svedberg Laboratory for their generous hospitality.
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Table 1: Parameters of the Bargmann potential and the virtual state ‘bind-
ing’ energies for the pp and p systems. The values for the former are deduced
from the results of the Paris potential [10]. The values in the hyperon-nucleon
case are obtained (a) from the theoretical predictions of the p scattering
length and eective range as = −1:6 fm, rs = 1:4 fm, at = −1:6 fm, and
rt = 3:2 fm from ref.[12], and (b) from experimental values of as = −1:8 fm,
rs = 2:8 fm, at = −1:6 fm, and rt = 3:3 fm from ref.[13]
  
System (fm−1) (fm−1) (MeV)
pp singlet -0.104 0.845 0.45
p singlet -0.470 1.90 8.4
(theory)
p triplet -0.386 1.01 5.7
(theory)
p singlet -0.367 1.08 5.1
(experiment)
p triplet -0.383 0.99 5.6
(experiment)
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Figure 1: Experimental data for the total cross sections for pp ! pp from
ref.[1] (closed circles) and pp ! pK+ from ref.[7] (open circle) as func-
tions of Q, the kinetic energy in the nal state. The theoretical predictions
of eqs.(4,5) are normalised so that the curve passes through the low en-
ergy -production points. The broken curve corresponds to p scattering
parameters taken from ref.[12], whereas the chain curve follows from the
experimental parameters of ref.[13].
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Figure 2: Feynman diagrams for the reactions pp ! pp and pp ! pK+
exciting, via pion exchange, the N(1535) and N(1650) resonances respec-
tively.
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